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Abstract
In this chapter, we propose two novel peak-to-average power ratio (PAPR) reduction
schemes for the asymmetrically clipped optical orthogonal frequency division multi-
plexing (ACO-OFDM) scheme used in the visible light communications (VLC) system.
In the first scheme, we implement the Toeplitz matrix based Gaussian blur method to
reduce the high PAPR of ACO-OFDM at the transmitter and use the orthogonal
matching pursuit algorithm to recover the original ACO-OFDM frame at the receiver.
Simulation results show that for the 256-subcarrier ACO-OFDM system a ~6 dB
improvement in PAPR is achieved compared with the original ACO-OFDM in terms of
the complementary cumulative distribution function (CCDF), while maintaining a com-
petitive bit-error rate performance compared with the ideal ACO-OFDM lower bound.
In the second scheme, we propose an improved hybrid optical orthogonal frequency
division multiplexing (O-OFDM) and pulse-width modulation (PWM) scheme to reduce
the PAPR for ACO-OFDM. The bipolar O-OFDM signal without negative clipping is
converted into a PWM format where the leading and trailing edges carry the frame
synchronization and modulated information, respectively. The simulation and experi-
mental results demonstrate that the proposed OFDM-PWM scheme offers a significant
PAPR reduction compared to the ACO-OFDM with an improved bit error rate.
Keywords: visible light communications, peak-to-average power ratio, optical orthog-
onal frequency division multiplexing, Gaussian blur, pulse-width modulation
1. Introduction
The rapid development of solid state lighting technologies has made the visible light commu-
nications (VLCs) a promising complementary scheme in the widely used radio frequency
© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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(RF)-based wireless communications in certain indoor and possible outdoor applications [1].
The main challenge of the VLC technology is the lack of sufficiently large bandwidth for
modulation due to the fact that the white light emitting diodes (LEDs) used for VLC usually
have a very small bandwidth, blue LED (BLED). Therefore, the transmission capacity of the
VLC is limited [2]. In order to address this issue and make good use of the limited BLED with
the aim of increasing the transmission throughput, a number of schemes including (i) blue
filtering at the receiver (Rx) to remove the slow phosphor part of the spectrum, which increases
BLED to 20 MHz but at the cost of high power loss, (ii) high spectrally efficient modulation
schemes, such as a variant of optical orthogonal frequency division multiplexing (O-OFDM),
discrete multi-tone modulation (DMT), and multi-band carrier-less amplitude and phase mod-
ulation, have been extensively investigated in the literature [3].
In intensity modulation and direct detection (IM/DD)-based VLC systems, the traditional
complex and bipolar OFDM is modified to a real and unipolar format [4]. Though OFDM
offers a number of advantages such as efficient use of the spectrum, there are many issues in
OFDM-based VLC systems including (i) a high peak-to-average power ratio (PAPR), (ii)
performance degradation due to non-linear power-current (P-I) characteristics of LEDs, (iii)
limited support for dimming, and (iv) reduced throughput due to the use of longer cyclic
prefix as a result of longer tails of the impulse response. Among these, the high PAPR is by
far the most detrimental to the performance of OFDM-based VLC systems [5]. A higher PAPR
would lead to more severe distortion and clipping because of the non-linear P-I characteristics
of the LED [6]. This leads to a decreased signal-to-quantization noise ratio (SQNR) in both
analog-to-digital (A/D) and digital-to-analog (D/A) converters while not fully utilizing the
wide dynamic range of LEDs [7].
A number of techniques to mitigate the high PAPR requirement in O-OFDM have been reported
in the literature including amplitude clipping [8], trellis coding, which reduces the average
optical power [9], and block coding, which maps the vector of k-information bits to be transmit-
ted and the vector of symbol amplitudes modulated onto the N-subcarrier [10] at the cost of
increased transmission bandwidth. Signal transformation based on selected mapping (SLM) has
also been used to reduce the signal peak values in O-OFDM systems [11]. In Ref. [12], the signal
peak values are reduced by applying a pilot symbol (PS) phase rotation technique to the original
OFDM signal. In Ref. [13], lower-order modulation on subcarriers, which suffers the most
distortion, is used to achieve a high throughput for OFDM-VLC at a sampling rate of six times
the available system bandwidth with reduced PAPR. The phase of PS is chosen based on the
SLM algorithm while the maximum likelihood criterion is used at the Rx to estimate the PS.
These techniques achieve PAPR reduction at the expense of increasing the transmit signal power,
bit error rate (BER), data rate loss, computational complexity, and so on.
In this chapter, we introduce two novel PAPR reduction techniques for multicarrier transmis-
sion-based VLC system with some simulation and experiment demonstrations. The first
scheme is named as Gaussian blur (GB) [14], which is enlightened by the blur operation used
in image processing. The two-dimensional GB has been widely implemented in graphics
software to reduce image noise and details by convolution operations [15]. Similar to this idea
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of blurring images, we apply the one-dimensional GB to the time-domain signal of asymmet-
rically clipped optical orthogonal frequency division multiplexing (ACO-OFDM) system for
reducing the high PAPR in VLC. Simulation results show that for the 256-subcarrier ACO-
OFDM system, a 6 dB improvement in PAPR is achieved in terms of the complementary
cumulative distribution function (CCDF). However, the PAPR problem is only alleviated
temporarily but not eliminated. In addition, considering that the indoor environment (i.e., the
channel) is relatively static with no deep fading, the multipath-induced interference is not a
major issue as is the case in an outdoor environment for RF-based wireless systems, and the
use of O-OFDM needs additional operation to mitigate the high PAPR. Therefore, there is an
open question: are there any advantages in transmitting the OFDM signal over a VLC channel
or does it need to be converted into a digital format to avoid all the issues outlined above. To
address this question, we further propose the second PAPR reduction scheme, which is named
as the hybrid OFDM-PWM modulation [16], for converting the OFDM signal into a pulse-
width modulation (PWM) format prior to IM of the LED in order to mitigate the high PAPR.
The high PAPR in O-OFDM is no longer a major issue in OFDM-PWM as LEDs are only
switched between “on” and “off”. A similar technique is proposed in [17] where a linear
mapping function is used to convert OFDM samples into PWM. However, the required band-
width of proposed scheme in [17] exceeds the O-OFDM scheme, thus leading to a bit error rate
(BER) penalty. In our improved OFDM-PWM scheme, we take advantage of the anti-symmetry
property of the time-domain ACO-OFDM signal and hence convert only the first half of
samples of the ACO-OFDM frame and extend the pulse width of PWM by a factor Nc. This
ensures that the proposed OFDM-PWM has the same bandwidth requirement as the ACO-
OFDM. Simulation and experimental results demonstrate that our proposed OPDM-PWM
scheme has an improved BER performance compared with the original ACO-OFDM. Further-
more, the advantages of the scheme in Ref. [17], such as reduced PAPR, resilience to LED non-
linearity, and higher luminance level, are maintained.
2. The PAPR of O-OFDM and the CCDF of PAPR
OFDM is widely adopted in RF and optical communications including free space optics and
VLC due to its huge data transmission capability, high spectral efficiency, and resilience to the
channel-induced impairments. Although the OFDM modulated waveform has many advan-
tages in both the RF and optical domain, its predominant drawback is that the signal profile
has intermittent peaks that occur throughout the length of the OFDM signal contributing
immensely to the peak-to-average power ratio (PAPR). With non-constant amplitude signals,
it is important to improve the PAPR of those signals. The presence of these high peaks means
that the optical source will have to operate outside its linear region to accommodate the full
amplitude signal swings. This is very undesirable as it increases the level of distortion present
in the transmitted signal, which results in poor system performance. Here, the definition of
PAPR for a discrete ACO-OFDM signal x(n) is given to evaluate the ratio of the maximum
instantaneous power to the average power. To better approximate the PAPR of x(n), the
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O-OFDM signal samples x(n) are obtained by oversampling L times. In [11], it is demonstrated
that a fourfold oversampling factor (L ¼ 4) is enough to provide an accurate measure of the
PAPR value. Thus, the electrical PAPR of a single symbol O-OFDM signal is given as:
PAPR≜
maxjx nð Þj2
E jx nð Þj2
h i for 0 ≤n ≤N  L−1 ð1Þ
where E[.] denotes the statistical expectation, n is the number of samples for each OFDM frame
in the time domain, and x(n) is real and unipolar.
The cumulative distribution function (CDF) of the PAPR is one of the most frequently used
performance measures for PAPR reduction techniques. In the literature, the complementary
CDF (CCDF) is commonly used instead of the CDF itself. The CCDF of the PAPR denotes the
probability that the PAPR of a data block exceeds a given threshold PAPR0 as given by [18]:
CCDF ¼ P PAPR > PAPR0ð Þ ¼ 1−PðPAPR ≤PAPR0Þ ¼ 1−CDF ð2Þ
3. GB-based PAPR reduction scheme
3.1. System overview
The block diagram of the GB-based ACO-OFDM system is depicted in Figure 1. In
ACO-OFDM systems, the time-domain signal needs to be both real and unipolar. The bipolar
signal at the output of Inverse Fast Fourier Transform (IFFT) is converted into unipolar by
clipping the negative value to zero. Unlike the conventional ACO-OFDM system, in our
scheme, the clipped output of IFFT is fed into theGaussian blur (GB) module to generate the
alternative output sequence Si(n). Then, the sequence S(n) with the lowest PAPR is applied to
the optical driver module.
At the receiver side, the received signal is influenced by the noise sources in a real scenario.
The dominant noise source in an indoor wireless optical channel is the ambient light-induced
shot noise [19], which is modeled as the additive white Gaussian noise (AWGN). Thus, the
received signal is given by:
y nð Þ ¼ η  SðnÞ⊗ hþ Z nð Þ, SðnÞ ¼ φ  x nð Þ ð3Þ
where η is the photoelectric conversion efficiency, φ is a standard Toeplitz matrix, φx(n) is the
matrix representation of the Gaussian blur operation, x(n) is the original ACO-OFDM signal, S(n)
is the alternative output signal with the lower PAPR, h is the channel response, Z(n) is AWGN
with zero mean and variance of δ2z , and⊗ denotes the convolution operation.
We assume that the channel state information is perfectly known in advance. According to the
transmitter design of ACO-OFDM, a half of the transmitted signals are clipped to be zeros.
Therefore, the time-domain ACO-OFDM signal is a standard sparse signal adopted in the
compressed sensing (CS) theory. Considering the special time-domain structure of ACO-
OFDM symbols with the system complexity, we choose the orthogonal matching pursuit
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(OMP) approach [20], which is widely used in sparse signal reconstruction in our simulation
for recovering the original ACO-OFDM signal. Following the fast Fourier transformation (FFT)
and demodulation process, we regenerate the original binary data stream.
3.2. GB algorithm
GB is a widely used image processing algorithm, which has the advantages of being very
“smooth” and also circularly symmetric, so that edges and lines in various directions are
treated similarly. It is well known that the two-dimensional GB operations are employed as
the convolution in image processing to blur the images. The two-dimensional Gaussian kernel
is defined as:
Gðx, yÞ ¼
1
2piδ2
 e
− x2 þ y2
 
2δ2 ð4Þ
Applying GB to the original image I(x, y) by convolving with Gaussian kernel function G(x, y)
to realize the blur operations, we have:
Igðx, yÞ ¼ Iðx, yÞ⊗Gðx, yÞ
¼
X
m, n
Iðm, nÞ  Gðx−m, y−nÞ
ð5Þ
Similar to image processing, we apply the GB operation to the one-dimensional ACO-OFDM
signal in optical communications. One-dimensional Gaussian kernel function G(n) is implemented
to convolve with the one-dimensional ACO-OFDM signal x(n) as given by:
SðnÞ ¼
XN
k¼1
Gðn−kÞxðkÞ, n ¼ 1, 2…M ð6Þ
where N and M are the lengths of the ACO-OFDM signal and the alternative output S(n),
respectively.
Figure 1. A block diagram of GB-based ACO-OFDM system is shown. S/P: serial-to-parallel converter, P/S: parallel-to-
serial converter, and PD: photodetector.
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Expanding Eq. (6), we have:
gð0Þ gð−1Þ … gð−N þ 1Þ
gð1Þ gð0Þ… gð−N þ 2Þ
⋮ ⋮
gðM−1Þ gðM−2Þ …gðM−NÞ
0
BB@
1
CCA 
x1
x2
⋮
xN
0
BB@
1
CCA ¼
S1
S2
⋮
SM
0
BB@
1
CCA ð7Þ
Corresponding to the CS theory, matrix g(.) is the measurement matrix φ, matrix x(.) is the sparse
ACO-OFDM signal, and matrix S(.) is the significant measurement, which has a lower PAPR
compared with the original x(.). From Eq. (7), we can see that the g(.) matrix is a standard Toeplitz
matrix and its elements are Gaussian random variables with zero mean and variance of δ2z .
Therefore, only (M þ N−1) elements are used to construct G, which means that only
log2ðMþN−1Þ bits are needed to be transmitted as the side information [21]. In this module, a
“blur” output sequence S(n) is generated by taking the weighted sum of all the elements in x(n)
using the Gaussian distribution coefficients sequence g(n) as the weights. Due to the random
characteristic of the Gaussian function generated by the Matlab software which is used in our
study, the generated output S(n) is not the same as each other. Here, we construct a series of
ToeplitzmatricesTi to obtain the lowest PAPR signal from Si(n), where i is the number of candidate
matrices. Note that we only select the output signal Si(n) with the lowest PAPR for transmission.
Similar to the SLMmethod, the performance of the proposed scheme depends on the value of i
and the elements of T. However, lower PAPR can be potentially attained for all ACO-OFDM
signals as shown in Table 1.
To trade-off PAPR reduction and the system complexity, we have used i ¼ 6 in our simulations
to achieve 6 dB improvement.
3.3. OMP recovery algorithm
The CS technique has been widely applied in signal reconstruction, medical imaging, radar,
remote sensing, and other signal processing fields [22]. The main advantage of this theory is
that it can recover original signals or images from far fewer samples or measurements. To
realize this, CS has two fundamental criteria: (i) the original signal is sparse or compressible
and (ii) the measurement matrix φ satisfies the restricted isometry property (RIP).
Suppose the transmission signal x ∈RN is an N-dimensional sparse signal with sparsity K,
K«N. The sparse reconstruction problem of CS is defined as recovering the sparse signal from
the observed vector of measurements S ∈ RM. The classical mathematical expression of CS
measurement is given as:
S ¼ φxþ z ð8Þ
where φ∈ R (MN) is a known measurement matrix with M«N and z ∈RM denotes the mea-
surement noise and model error. Note that measurement matrix φ needs to satisfy the RIP:
ð1−δkÞkxk
2
l2
≤ kφxk2l2 ≤ 1þ δkð Þkxk
2
l2
ð9Þ
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where δk is a restricted isometric constant. For more details, please see [23]. Then, by resolving
Eq. (8) with corresponding sparse signal reconstruction algorithm, one can obtain the estima-
tion ~x . Two popular reconstruction algorithms are the convex optimization algorithm and the
iterative greedy pursuit algorithm.
For the ACO-OFDM system, we can see that the asymmetrically clipped output of N-point
IFFT is a sparse signal in the time domain, and the Toeplitz matrix composed of Gaussian
random variables meets the restricted isometry property (RIP) standard as adopted in [23].
Therefore, the OMP algorithm, which has the advantages of lower computation complexity,
rapid recovery speed, and higher reconstruction accuracy compared to other algorithms, can
be employed in our scheme [24]. The equivalent electrical voltage signal ~Y can be employed to
reconstruct ~x as outlined below:
mink~xk1 s:t: T~x ¼
~Y ð10Þ
where T∈ R(MN) is the observation matrix φ and ~Y ∈RM denotes the measured values of S.
The OMP algorithm used in this chapter is summarized as below:
Step 1. Setting the residual value r0 ¼ ~Y , pre-recovery ~x ¼ 0, and iterations number n ¼ 1.4*K
(n≥K), where K is the sparsity of x.
Step 2. Finding the max<T(:;col), r0>and its position. Note thatM ≥CKlog2ðN=KÞ, where C is
a constant, depends on each instance.
Step 3. Calculating the reconstructed ~x by min ∥~Y−T~x∥2 and updating the residual
rn ¼ ~Y−
<T colð Þ, ~Y>
<T colð Þ,T colð Þ>
T colð Þ by the least square algorithm.
Step 4. If the criterion has not been satisfied, then return to step 2.
3.4. Simulations and results
Simulations are conducted to compare the most widely used amplitude clipping method, classi-
cal SLM technique and the GB method, and the key parameters adopted are shown in Table 2.
Figure 2 shows theCCDF against the threshold PAPR0 for the unmodifiedACO-OFDM (N¼ 256)
with the classical SLM, amplitude clipping (CL of 0.8), and the proposed method. Also shown is
ith PAPR 1 2 3 4 5 6 7 Original
x1 (dB) 9.0 9.1 8.0 10.9 10.7 9.1 9.3 11.6
x2 (dB) 9.3 9.5 8.4 8.4 9.0 7.7 11 12.4
x3 (dB) 9.0 8.6 7.5 9.1 8.2 8.5 10.4 12.8
Note the simulation results obtained from three random 16-QAM ACO-OFDM signals (256-subcarrier). The numbers in
bold are the minimum PAPR from a set of i-measurements.
Table 1. PAPR reduction results for original ACO-OFDM with GB.
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the plot for the original ACO-OFDMwith no PAPR reduction scheme. The horizontal and vertical
axes represent the threshold for the PAPR and the probability that the PAPR of a data block
exceeds the threshold, respectively. It is shown that at CCDF of 10−3 the PAPR requirements are <
10, 11.5, and > 12 dB for ACO-OFDMs with GB, amplitude clipping, and SLM, respectively,
compared with the < 16 dB for the original ACO-OFDM. From the comparison, we can conclude
that the proposed method offers improved PAPR reduction. Note that the simplest amplitude
clipping method can achieve a much significant PAPR reduction at the cost of the unrecoverable
performance degradation.
Next, we want to recover the original ACO-OFDM signal x(n) from ~Y at the receiver. For
perfect reconstruction of the original signal, the row size of T must meet the following condi-
tion as outlined in [24]:
M ≥C  K  log2ðN=KÞ ð11Þ
In ACO-OFDM, K is N/2. Therefore, M should be larger than the product of C and K to meet
the signal reconstruction requirements. The signal reconstruction accuracy is evaluated by the
reconstruct error (RE), which is given by:
RE ¼
kx nð Þ0−x nð Þk2
kx nð Þk2
ð12Þ
Method Subcarrier Modulation Parameter Length
Clipping 256 16-QAM CL ¼ 0.8 -–
SLM 256 16-QAM i ¼ 6 N/4
GB 256 16-QAM i ¼ 6 M þ N − 1
Table 2. Simulation parameters for PAPR reduction schemes.
Figure 2. PAPR analysis for ACO-OFDM signals (N ¼ 256) with SLM, clipping (CL ¼ 0.8), and GB techniques (i ¼ 6).
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where xðnÞ
0
is the reconstructed ACO-OFDM signal and kxðnÞk2 denotes the second moment
norm, kxðnÞk2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1j
2 þ jx2j
2 þ⋯þ jxnj
22
q
, n ¼ 1, 2,…,N:
Following a number of simulations with a range of C values shown in Table 3, we found that
RE is reduced significantly with C increased from 1 to 2. However, for C > 2, the improvement
in RE is very small, and SðnÞ is longer than the original signal xðnÞ measured in the time
domain, since M > N. For the trade-off between RE and the data rate, we have selected C ¼ 2
as the optimal value for the proposed system. Therefore, the Toeplitz matrix is a square matrix
TNN with no incurred bandwidth penalty.
Figure 3 shows the reconstruction results for 256-subcarrier-based ACO-OFDM signal for an
SNR of 30 dB using the OMP recovery algorithm. Note that in typical indoor VLC systems, the
most widely used SNR is 30 dB [19]. We observe the faithful reconstruction of the distortion-
less original signal for an SNR of 30 dB compared to the original ACO-OFDM signal. We have
used 1 e3 random ACO-OFDM signals to calculate the RE over an SNR range of 2030 dB as
shown in the inset in Figure 3. Note that the improvement in RE is < 0.06, which is far below
the acceptable value of < 0:1 for the entire system performance.
Figure 4 illustrates the BER performance against the SNR for the uncoded 256-subcarrier ACO-
OFDM with amplitude clipping and the proposed scheme. In practice, higher peak-to-average
power ratio (PAPR) can lead to non-linear distortions and clipping in systems with peak-power
limitations (PAPR0), thus leading to degradation of the system BER performance. In this
chapter, we define the ideal ACO-OFDM as having an infinite PAPR0 and, therefore, the
adverse effect of higher PAPR of the original ACO-OFDM signal is not considered in the BER
C 1.0 1.5 2.0 2.5 3.0 3.5 4.0
RE 14.25 0.43 0.031 0.022 0.021 0.020 0.017
Data rate 200% 133% 100% 80% 67% 57% 50%
Note that the simulation results are obtained for 256-subcarrier ACO-OFDM with an SNR of 30 dB.
Table 3. RE values and data rate against different C values.
Figure 3. RE analysis for ACO-OFDM (with N ¼ 256) for SNR of 30 dB. The inset shows the RE for 20 < SNR < 30 dB.
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analysis. The BER performance of an ideal ACO-OFDM is used as a reference lower bound as
in reference [25]. Thus, the recovery accuracy of the OMP algorithm is indirectly illustrated by
the BER performance. At a BER of 10−4, the proposed scheme requires only a 2 dB of
additional SNR compared to the ideal ACO-OFDM scheme. For ACO-OFDM with amplitude
clipping, the SNR penalty is almost 5 dB compared to the proposed scheme. It also can be seen
that when the SNR is larger than 20 dB, the BER of the proposed scheme is within the bound of
the forward error correction (FEC) limits. And as for the VLC, these SNR values can be
obtained by the need for illumination. From the results shown in Figures 2–4, we conclude
that the proposed scheme can achieve a significant reduction in PAPR with a competitive
recovery performance.
4. OFDM-PWM-based PAPR reduction scheme
4.1. System overview
The block diagram of the proposed OFDM-PWM scheme is shown in Figure 5, where the
bipolar discrete-time O-OFDM samples x(n) are first generated using the standard ACO-
OFDM process as outlined in Ref. [26] but with no zero clipping operation prior to conversion
to PWM. In the traditional O-OFDM such as DC-biased optical OFDM (DCO-OFDM), a DC
bias is added to the signal before clipping the negative residual signals to ensure positive
signal amplitude. However, due to a high PAPR, the DC bias required is very high, and it is
also necessary to clip the DC-biased signal to clip the negative residue. ACO-OFDM over-
comes the high DC-biased requirements by encoding information only on odd harmonics and
clipping the negative signals at zero, which do not lead to any information loss [26]. Due to the
Hermitian symmetry requirements to ensure a real-time-domain signal and with only odd
subcarriers being used, only one-fourth of the subcarrier is actually encoded with the data. As
a result, the spectral efficiency of ACO-OFDM is half of that of DCO-OFDM [27]. Therefore, the
Figure 4. BER performance against the SNR for 256-subcarrier ACO-OFDM systems with amplitude clipping (CL ¼ 0.8)
and the proposed method (i ¼ 6).
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resulting time-domain signal is a real-valued signal referred to as the O-OFDM frame with
the anti-symmetry property as defined by Armstrong and Schmidt [27] and as shown in
Figure 5 (b):
xk ¼ −xkþN=2, 0 < k < N=2 ð13Þ
where N is the number of IFFT points.
In the OFDM-PWM scheme, since PWM can be used to linearly represent the bipolar signal,
the zero clipping operation in ACO-OFDM is no longer necessary. Due to ACO-OFDM’s anti-
asymmetric time-domain characteristics, the first half of the bipolar samples (with no zero
clipping) is sufficient to represent the entire unipolar ACO-OFDM. Hence, instead of convert-
ing the entire O-OFDM symbol into PWM, converting only the first N/2 samples would be
sufficient, which does not lead to any loss of information. Thus, we discard the unnecessary last
half of samples and save half of the time slots for further compensating the high bandwidth
requirement for PWM, see Figure 6(b) (Digital OFDM-PWM). The generated OFDM-PWM
signal is used for IM of the LED. At the receiver (Rx), the OFDM signal is extracted from
OFDM-PWM, and the standard OFDM demodulation process is thereafter employed, which is
the reverse of the transmitter (Tx) process, as outlined in Ref. [27].
PWM can be generated in the analog or digital domain. In the analogue PWM, the input signal
(i.e., xðnÞ in this case) is compared with a reference carrier signal (i.e., a ramp waveform) of
frequency fc as shown in Figure 6(a). Note that the Nyquist condition fc ≥ 2NTs
−1needs to be
met, where Ts is the OFDM symbol period. In the digital PWM, the digital version of x(n) is
compared with a counter, which rests every 2L where L is the bit resolution adopted in this
chapter. In the PWM scheme, the falling edge carries the information whereas the rising edge is
used for synchronization (more information on PWM can be found in Ref. [28]). Thus, the
converted PWM signal shown in Figure 6(a) is given by:
PWMðtÞ ¼
C, 0 ≤ t ≤ τ
0, τ < t ≤Tc

ð14Þ
Figure 5. A block diagram of OFDM-PWM (a) LED frequency response with pre-equalizer, (b) bipolar O-OFDM before
asymmetrical clipping, and (c) received OFDM-PWM waveform. LOS: line of sight.
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where Tc is the OFDM symbol sampling period, C is a constant corresponding to the peak
amplitude of O-OFDM, and τ, given by Eq. (15), is the modulated pulse width that changes
linearly with the instantaneous value of xðnÞ as given by:
τðnÞ ¼
xðnÞ−xmin
K
ð15Þ
where K is the PWM carrier signal slope factor or the modulation index defined as:
K ¼
xmax−xmin
Tc
ð16Þ
Note that xmax and xmin are the maximum and minimum amplitudes of O-OFDM symbols,
respectively. In order to simplify generation of the digital PWM signal, the sampling period is
divided into R discrete intervals with R ≥M, where M is quadrature amplitude modulation
(QAM) modulation order. Therefore, Eqs. (15 and 16) are rewritten in a discrete form as:
K ¼
xmax−xmin
R
¼
ðxðnÞ−xminÞ
Nτ
, n ¼ 1,…, N=2 ð17Þ
where Nτ is the corresponding discrete interval of τðnÞ.
Figure 6. Time-domain waveforms for (a) ACO-OFDM, ramp, and PWM and (b) the process of the digital OFDM-PWM
generation.
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In the converted PWM scheme, see Figure 6(a), the minimum pulse duration τðnÞmin ¼ 1=R is
significantly smaller than Tc. Hence, the bandwidth requirement for PWM is R times higher
than ACO-OFDM. In order to overcome the high bandwidth requirement, the duty cycle of
PWM signal is further extended by a factor ofNc, where 0 ≤Nc ≤R as shown in Figure 6(b)with
blue lines. The value of Nc can be adjusted either to obtain a maximum throughput by setting
Nc ¼ 0 or a required dimming level by setting Nc > 0. In this study, we have increased the
minimum pulse width to R by setting Nc ¼ R (see Figure 6(b)). This ensures that the PWM
pulse duration is at least equal to or greater than Tc, which means that the proposed OFDM-
PWM scheme has the same bandwidth requirement as that of ACO-OFDM. In addition, the
increased time factor Nc is equal to the OFDM sample period, which indicates that we have
taken full advantage of the last half time slots saved from the previous sampling part. Thus,
the transformation from ACO-OFDM to OFDM-PWM is a lossless process. The proposed
OFDM-PWM signal sðnÞ is given by:
sðnÞ ¼
C, 0 ≤NsðnÞ ≤ Nτ þNcð Þ
0, Nτ þNcð Þ < NsðnÞ ≤ 2R
, n ¼ 1,…, N=2
(
ð18Þ
where NsðnÞ is the total number of discrete intervals corresponding to the duty cycle of each
OFDM-PWM signal.
Following the optical to electrical (O-E) conversion at the Rx, the received OFDM-PWM signal
s0ðnÞ is given by:
s0 nð Þ ¼ ηF x nð Þ½ ⊗ hðnÞ þ z nð Þ ð19Þ
where η is the photodiode responsibility, F½: is the transformation operation from O-OFDM to
PWM, xðnÞ is the bipolar O-OFDM signal, hðnÞ is the channel impulse response, zðnÞ is additive
white Gaussian noise with zero mean and variance of δ2z , and ⊗ denotes the convolution
operation. Note that here we have only considered the line of sight (LOS) propagation path in
order to illustrate the concept.
As for the recovery of the original OFDM signal at the Rx, the sampling rate of OFDM-PWM
must be at least 2R times of the ACO-OFDM signal to accurately detect the trailing edge of s
0
nð Þ.
The total number of discrete intervals of s
0
nð Þ, that is ðNt þ NcÞ, is then estimated from the
trailing edge position, and the first half of xðnÞ is estimated using Eq. (17). Next, the standard
ACO-OFDM demodulation process outlined in [3] is adopted to recover the transmitted signal.
4.2. Simulation results
Figure 7 shows the simulated PAPR for ACO-OFDM, ACO-OFDM with classical selected
mapping (SLM) technique and the proposed OFDM-PWM method. Here, 16-QAM ACO-
OFDM with 256-subcarrier is used as the baseline. The SLM method with six iterations is
employed and compared with the proposed OFDM-PWM. Figure 7 demonstrates that PAPR
requirements at CCDF of 10−3 are 3, >12, and < 16 dB for OFDM-PWM, ACO-OFDM with
SLM, and ACO-OFDM, respectively. This clearly validates that the proposed OFDM-PWM
offers significant PAPR reduction.
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Since the average duty cycle of OFDM-PWM is greater than Tc, the proposed OFDM-PWM
scheme provides a higher illumination level provided that C is equal to the maximum ampli-
tude of ACO-OFDM sample as shown in Figure 8.
Here, we calculate the average optical power of ACO-OFDM and OFDM-PWM to illustrate the
illumination level. For the frame shown in Figure 8, the average power of OFDM-PWM is 4
times as much as the original ACO-OFDM frame. Therefore, C can be set to be smaller than the
maximum amplitude of ACO-OFDM sample to achieve the desired illumination level and
resilience to the PAPR0 limit due to the non-linearity of the LED.
Next, we evaluate the BER performance of the proposed scheme for a line of sight (LOS) VLC
link in Matlab environment. The key simulation parameters adopted in this work are summa-
rized in Table 4.
Since the pulse-width variation in PWM is linearly proportional to the peak-to-peak ampli-
tude, vp-p-OFDM, of the input signal (i.e., in this case, the O-OFDM), we need to know the time
resolution corresponding to the amplitude resolution of the O-OFDM signal. We have selected
a nominal value of R as given by:
R ¼
100, M ≤ 16
αM, M > 16

ð20Þ
where α is an empirical constant, which is set to be four in our simulation, and M is the
QAM modulation order. For example, the values of R for 16- and 64-QAM are 100 and 256,
respectively.
Figure 9 shows the simulated BER performance against the electrical SNR for OFDM-PWM
and ACO-OFDM with 16- and 64-QAM. The simulation results clearly demonstrate that the
OFDM-PWM outperforms ACO-OFDM. For example, at a BER of 10−4, the SNR requirements
are 14 and 18 dB for OFDM-PWM and ACO-OFDM, respectively, for 16-QAM, thus
demonstrating an SNR gain of 4 dB using OFDM-PWM. The SNR gain is higher for the
Figure 7. PAPR analysis for 16-QAM ACO-OFDM signals (N ¼ 256) with SLM and OFDM-PWM.
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higher-order modulation with 64-QAM OFDM-PWM offering a gain of 9 dB compared to
ACO-OFDM.
4.3. Experiment results
The experimental set-up shown in Figure 10 has been developed to demonstrate the working
principle of the proposed concept, validate the simulation results, and compare it with the
Figure 8. One frame of ACO-OFDM and OFDM-PWM with the same data information (R ¼ 100 and 256-subcarriers).
Parameters OFDM-PWM ACO-OFDM
Modulation 16/64-QAM 16/64-QAM
No. of subcarriers 256 256
System bandwidth 10 MHz 10 MHZ
Date rate 40/60 Mbit/s 40/60 Mbit/s
Subdivisions R ¼ 100/256 –
Length of frame 25600/65536 256
Iteration 1000 1000
Table 4. Simulation parameters.
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standard ACO-OFDM under the same conditions. The frame frequency and frame sampling
rate are shown in Table 5.
First, we generate the 16-QAM-based ACO-OFDM and OFDM-PWM signals using the algo-
rithm outlined in Section 4.1. The waveforms are then loaded to the arbitrary function gener-
ator (Tektronix AFG 3022) using the LabVIEW 2014 interface. Following this, the output signal
is pre-equalized using a simple resistance-capacitance (RC) network, see Figure 10(c), and a
DC-bias current Idc of 200 mA is added prior to IM of the LED (Rebel Star 01). Note that
Figure 9. BER performance against the electrical SNR for OFDM-PWM and ACO-OFDM and with 16- and 64-QAM.
Figure 10. (a). The experimental setup for the proposed scheme. (b) The LED and PD, (c) the RC equalizer circuit, and (d)
the DC-bias circuit.
Visible Light Communications104
Idc-ACO-OFDM < Idc-DCO-OFDM, which is mainly used for illumination. Using an RC pre-equalizer
network, BLED is increased from 2 to 12 MHz [29] as shown in Figure 5(a).
In practical VLC systems, LED non-linearity is important and should be considered, which
limits the operating dynamic range, PAPR0, and consequently the SNR. Non-linearity arises
due to the imperfection of the driving circuits and the number of emitted photons not being
proportional to the injected current in the active region. The measured I-V curve for the LED
used in this work is depicted in Figure 11, which shows linear and non-linear regions. A lower
limit is like the turn-on voltage (TOV) and the saturation voltage.
The receiver’s front end consists of an optical concentrator and a photodiode with differential
amplifiers, the outputs of which are captured using a digital oscilloscope (Agilent Infinium
40GSa/s) for further offline processing. The oscilloscope sampling rates are set to 50 M and 5 G
sample/s for ACO-OFDM and OFDM-PWM, respectively. Signals synchronization, down-sam-
pling, and signal recovery are carried out offline. We then evaluate the BER performance of both
ACO-OFDM and OFDM-PWM systems under the same conditions. For higher-order modula-
tions (i.e., 64-QAM), the generated digital OFDM-PWM’s length is 65, 536, which is beyond the
32 K memory of AFG 3022. Therefore, we could only transmit one frame of 16-QAM-based 256-
subcarrier OFDM-PWM due to the limited memory of AFG3022. The received waveforms of
ACO-OFDM and OFDM-PWM are shown in Figure 12(a) and (b), respectively. The square
waveforms shown are used to indicate the period of the OFDM signals. Following the offline
processing, the original ACO-OFDM signal is fully recovered as shown in Figure 12(c).
Figure 13 shows the estimated BER performance, which is obtained experimentally against the
peak-to-peak amplitude, Vp-p values of 16-QAM-based ACO-OFDM and OFDM-PWM sig-
nals. Due to a limited number of transmitted bits, it is not feasible to accurately measure the
BER below the FEC limit of 10−3. Nonetheless, the graph clearly demonstrates the advantage of
OFDM-PWM over ACO-OFDM, where it displays an improved BER performance in both
linear and non-linear regions of the LED. For Vp-p < 2 V, the BER floor for OFDM-PWM is
<5  10−3, whereas for ACO-OFDM, it is > 10−1, except at Vp-p of 2, where the BER is 10−2. For
Vp-p > 2 V, the BER performance shows degradation for both schemes. However, OFDM-
PWM is still superior to ACO-OFDM. Since the information is carried in the pulse width,
rather than pulse amplitude as in ACO-OFDM, OFDM-PWM displays a higher resiliency to
the non-linearity of the LED and clipping, thus offering an improved performance.
Parameters OFDM-PWM ACO-OFDM
Frame frequency fframe 39 kHz 39 kHz
Frame sampling fsample 5 G sample/s 50 M sample/s
DC-bias current 200 mA 200 mA
Modulation 16-QAM 16-QAM
No of random bits 256 2561
1Only one-fourth of the subcarrier is allocated for information bits in ACO-OFDM.
Table 5. Experimental parameters.
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Figure 11. The LED I-V plot using polynomial function (Rebel Star 01, LED). TOV: turn-on voltage.
Figure 12. Waveforms of a single frame of 256-subcarrier for: (a) ACO-OFDM, (b) OFDM-PWMwith R ¼ 100, and (c) the
recovered half frame of bipolar signal and the reconstructed ACO-OFDM frame. Note the square wave in (a) and (b) is to
show the period of OFDM waveforms.
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5. Conclusion
In this chapter, we proposed two novel PAPR reduction schemes for O-OFDM-based VLC
systems. The first scheme is implemented in the time domain to mitigate the high PAPR
experienced in ACO-OFDM, which uses the Gaussian blur method with a Toeplitz matrix-
based Gaussian kernel function at the transmitter. We have shown that for 256-subcarrier
ACO-OFDM, a 6dB improvement in PAPR is achieved in terms of CCDF compared with
the original ACO-OFDM. By taking advantage of the special time-domain structure of ACO-
OFDM symbols, the OMP algorithm is employed to efficiently recover the original ACO-
OFDM signal at the receiver. Simulation results have shown that a 6 dB PAPR reduction
requires only a 2 dB of additional SNR compared to the ideal ACO-OFDM scheme at a BER
of 10−4 and with the signal reconstruct error less than 0.1. Then, the second scheme is an
improved modulation scheme based on the conversion of an ACO-OFDM signal to PWM.
The OFDM-PWM offers significant advantages compared with the traditional ACO-OFDM
scheme including lower PAPR, higher luminance, improved BER performance, and enhanced
resiliency to the source non-linearity. The simulation and experimental results both show that a
significant BER improvement can be achieved with OFDM-PWM compared to ACO-OFDM.
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Figure 13. Experimental BER against the peak-to-peak amplitude for 16-QAM OFDM-PWM and ACO-OFDM under the
same conditions.
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